Abstract-In this paper, some optimal programs have been proposed through the analyses of transient grounding resistance (TGR) to reduce the grounding resistance using the finite-difference time-domain method. First, the TGR of various electrode types, lengths and sectional programs is studied, and it is found that a flat bar is the most financially efficient conductor to be used as grounding electrode. Enlarging grounding electrode length can reduce grounding resistance when it is shorter than the effective length, but the reduction effect declines as the length increases. Additionally, a series of small electrodes would lead to a much lower resistance than a single large one. Second, it is demonstrated that locally improving the soil near the grounding system is an efficient way of reducing the grounding resistance. Improving a limited area soil surrounding the lifting line would reduce the peak resistance significantly, while local enlarging electrodes surrounded soil conductivity can reduce the grounding system steady resistance obviously.
INTRODUCTION
Grounding systems with various configurations of grounding electrodes is often a part of lightning protection systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Grounding system provides a channel that current passes by, and large current flows through the grounding system before dissipating in the ground when lightning strikes. The surpassed voltage and radiation by the current are mainly determined by the resistance of the grounding system. Therefore, it is necessary to find the optimized programs to reduce the grounding system resistance.
The finite-difference time-domain (FDTD) method [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , which provides a simple and efficient way of solving Maxwell's equations for a variety of problems, has been widely applied to solve many types of electromagnetic problems. The FDTD method has been used to investigate the transient characteristics of grounding systems since 2001 [26] .
When uniform grid FDTD method is used to analyze grounding systems, huge computational resources will be involved because of the electrically small size of the grounding electrode compared with the whole computational domain. In this paper, non-uniform FDTD grids are used to simulate the area near the lifting line and the electrode in order to model the electrode with fine grids without resulting in huge computational resources.
The grounding system performance is analyzed in the form of transient grounding resistance (TGR), which reflects the dynamic behavior of a grounding system. The TGR reaches it peak grounding resistance value at the beginning time of the transient current's dissipating to the ground, and then tends to the steady state as the current vary speed decreases.
The TGR of the three commonly used conductors is analyzed to find the most financially efficient configuration to be used as the grounding electrode. The TGR of various electrode lengths is also analyzed to find the optimized approaches. Additionally, the TGR of a group of small electrodes is compared with that of a single large electrode of the same sectional size to get the optimal program.
With the development of the compound materials, the problem caused by the traditional resistance-reducing-agent has been overcome. The new water-absorbent compound material can reduce the resistance dramatically, and work for a long time without corrosion against the grounding electrode [27] . In Section 4, the resistance-reducing-agent is used to enlarge the conductivity and the relative permittivity of the local soil near the grounding system. The effect of the parameter and dimension of the locally improved soil near the lifting line and the vertical electrode is analyzed respectively, and some useful conclusions are drawn to reduce the grounding system resistance.
THE CALCULATION MODEL
To calculate the TGR, the computational model in [2] [3] [4] [5] [6] is adopted, as shown in Fig. 1(a) . Only homogenous ground is considered in this, paper and it is assumed that the ground has a steady constitutive parameter. The conductivity is set at σ g = 0.004 S/m and the relative permittivity of the ground is ε g = 9.0.
The lightning current pulse can be modeled by
where k = 1.1016, I 0 = 5.0 × 10 4 V/m, α = 3.7618 × 10 4 s −1 , β = 1.13643 × 10 8 s −1 . The mainly power (99.94%) is under the frequency 10MHz. The TGR is defined as a ratio of the transient voltage to the transient current
where I t is the transient current flowing through grounding electrode, which can be defined from the Ampere's Law
By integrating the electric field along the air-ground interface from the computational domain boundary (point E of Fig. 1(a) ) to the lifting line, the transient voltage V t can be obtained
where N l and N a are FDTD mesh indexes of the point of the lifting line entering ground and the point E of Fig. 1 respectively.
In this paper, efforts have been made to reduce both the peak grounding resistance (referred as peak resistance, which is the peak value of R t ) and the steady grounding resistance (referred as steady resistance, which is the resistance value when R t do not vary with time obviously, e.g., at 1.5 µs).
To model the grounding electrode area accurately, the nonuniform standard FDTD method is involved [28] . The grounding electrodes are always several meters long while electrically small in the sectional area dimensions [1] . Therefore, non-uniform grids in two dimensions are occupied while a uniform grid in the length dimension is used. The time-stepping equations for the electric and magnetic fields E y and H y read
Uniform grid is used for the main areas, where the grid size is ∆ x × ∆ y × ∆ z = 10 cm × 10 cm × 10 cm. The expansion factor is set as k = k x = k z = 1.162, while uniform grid is used in the y direction, as shown in Fig. 1(b) . 20 layers non-uniform grids are used, which results in the smallest cell size ∆ min = 0.5 cm for the electrode areas. The time step is ∆t = ∆ min /2c, where c is the speed of light in the free space.
With this model, the effect of the electrode configurations and locally improved soil on the TGR is analyzed respectively to find optimized grounding electrode programs.
OPTIMAL ELECTRODE CONFIGURATION PROGRAMS
This section focuses on steady resistance, and performance of the grounding electrode is observed at various electrode configurations to seek out optimized programs. First, performances of the three commonly used conductor bars are studied to find out the most economically efficient conductor type which can be used as grounding electrode. Second, the grounding electrode length effect on the TGR is analyzed. Third, the TGR of a group of small electrodes and a single large electrode of the same total sectional size are also compared.
The Optimal Grounding Electrode Type
In the engineering practice, the three commonly used bars (round bar, square bar and flat bar) [29] [30] [31] [32] [33] are commonly used as the grounding electrode. In this part, the TGR of the grounding system is tested when two arrangements bars are used as the grounding electrode.
The sectional sizes of the three commonly used conductor bars are shown in Table 1 , whose lengths are all 2.5 m. In Arrangement 1, the three bars are of the same surface area (0.2 m 2 ) while the sectional sizes are different. In Arrangement 2, the three bars are of the close cross-sectional area as listed in the ISO standards. The TGR when the two arrangements conductor bars are used as the grounding electrode is shown in Fig. 2 .
It can be seen that the TGR of the grounding system varies when different type conductors are used as the electrode. As plotted in Fig. 2(a) , it can also be seen that large electrode sectional size of the same type bar would result in a lower grounding resistance.
From the analyses above, it can be concluded that large electrode size would result in a lower grounding resistance, and flat bar is the most financially efficient among the three conductor types to be used as the grounding electrode in the engineering practice.
The Electrode Length Effect on the TGR
According to Type A arrangement in IEC 62305-3 [1] , the vertical electrode is 2.5 m in length. In this part, the electrode length effect on the TGR is studied. The flat iron, whose sectional size is 30 mm×5 mm, is employed as the grounding electrode, while the length varies from 1.0 m to 50.0 m. The TGR of varied electrode lengths is graphed in Fig. 3 . Figure 3 (a) plots the transient time domain response of varied length electrodes, and it can be seen that the electrode length does not affect the peak resistance but longer electrode results in a lower steady resistance. Additionally, the enlarged part of an electrode only affects It is clear that the steady resistance decreases as the electrode length increases, but the reduction effect declines as the length increases. When the electrode is longer than 30 m, the resistance does not vary obviously, which means the effective length is 30 m for this case. It is worth to note that the effective length obtained here is for the supposed earth resistivity and current, and it is larger for more resistive earth and slow fronted currents pulses [7] . It can also be seen that the grounding resistance decreases rapidly when the electrode is smaller than 10 m.
Therefore, it can be concluded that enlarging electrode length can reduce steady resistance when it is shorter than the effective length, but the reduction effect declines as the electrode length increases.
The TGR of a Single Large Electrode and a Group of Small Electrodes
In this part, the TGR of a group of 5 small electrodes is compared with that of a single large electrode, whose sectional size is the same as the total sectional size of the 5 small electrodes.
The configuration of the 5 small flat bars is shown in Fig. 4(a) . The sizes of the 5 small bars are all 2.0 cm × 0.5 cm × 250.0 cm, and the distance from the outer bar to the center bar is all 25.0 cm. The TGR of the group of 5 electrodes are graphed in Fig. 4(b) , where the From the analyses in this section, some conclusions can be derived for the engineering practice. First, flat bar is the most financially efficient bar to be used as the grounding electrode among the three commonly used conductors. Second, enlarge the electrode length until the effective length can reduce the resistance, but the reduction effect declines as the length increases. Third, a series of small electrodes would result in a much lower resistance than a single large one.
LOCAL LY IMPROVED SOIL EFFECT ON THE TGR
In this section, both the peak resistance and the steady resistance are considered and the soil surrounding the lifting line and the electrode is locally improved by utilizing of resistance-reduce-agent to enlarge the soil conductivity and relative permittivity. The resistance-reduce-agent utilized area is shown in Fig. 5 , where the grounding electrode length is 2.5 m. Area I is the locally improved soil surrounding the lifting line whose dimension is w × d. Area II is the locally improved grounding electrode surrounded soil, whose dimension is 2T × 2T × (T + 2.5 m). First, only the soil surrounding the lifting line is improved locally, and the locally improved soil dimension and parameter (conductivity and relative permittivity) effect on the TGR is analyzed. Second, only the vertical electrode surrounded soil is improved locally, and effect of the locally improved soil dimension, conductivity and relative permittivity on the TGR is studied.
Locally Improved Lifting Line Surrounded Soil Effect on the TGR
In this part, the soil surrounding the lifting line is locally improved, while the soil surrounding the grounding electrode is the normal soil. The TGR of various locally improved lifting line surrounded soil dimension and parameters is studied to find the optimized programs.
First, the improved soil width effect on the TGR is analyzed. The depth of the lifting line surrounded soil is set at d = 0.5 m, and the width is varied from w = 0.2 m to 2.0 m. Fig. 6(a) graphs the TGR as the width varies, and it is clear that the steady resistance is reduced steadily as the width of surrounding soil increases. The peak resistance is reduced dramatically from 112.8 Ω to 99.0 Ω as the width increase to w = 0.8 m, but it is not reduced obviously when the locally improved soil width is larger than w = 1.4 m.
Second, the improved soil depth effect on the TGR is studied. The width of the lifting line surrounded improved soil is w = 2.0 m, and the depth is varied from d = 0.1 m to 0.5 m. Fig. 6(b) graphs the TGR of these cases, and it can be seen that the steady resistance is reduced steadily as the locally improved soil depth increases. The peak resistance is reduced from 112.8 Ω to 97.6 Ω as the depth of the improved soil increases to d = 0.3 m, but is not reduced obviously as the depth increases.
Third, the conductivity of the locally improved lifting line surrounded soil effect on the TGR is analyzed. The improved soil area surrounding the lifting line is w × d = 1.4 m × 0.5 m, and the relative permittivity of the soil is ε rl = 9. The improved soil conductivity is varied from σ l = 0.01 S/m to 0.1 S/m, and the TGR is graphed in Fig. 7(a) . It can be seen that both the steady resistance and the peak resistance are reduced as the conductivity of the soil surrounding the lifting line increases.
Fourth, the locally improved lifting line surrounded soil relative permittivity effect the on the TGR is studied. The surrounding soil conductivity is σ l = 0.004 S/m, while the relative permittivity is varied from ε rl = 9 to 80. Fig. 7(b) plots the TGR of these cases, and it can be seen that increase of the relative permittivity can only reduce the TGR value of the first 0.3 µs but has nothing to do with the steady resistance after 0.3 µs.
Therefore, the soil surrounding the lifting line should be locally improved to a 1.4 m×0.3 m area. Enlarging the relative permittivity of the local soil surrounding the lifting line can reduce the peak resistance dramatically, while locally enlarging the conductivity can both reduce the peak resistance and the steady resistance. 
Locally Improved Grounding Electrode Surrounded Soil Effect on the TGR
In this part, the soil surrounding the grounding electrode is locally improved, while the soil surrounding the lifting line is the normal soil. The TGR of various locally improved grounding electrode surrounded soil dimension and parameters is studied to find the optimized programs. First, the conductivity of the soil surrounding the grounding electrode is improved to σ e = 0.01 S/m and relative permittivity is ε re = 9, and the TGR is analyzed when the locally improved soil dimension is varied from T = 0.1 m to 1.0 m. As can be seen from Fig. 8 , the steady resistance is reduced steadily as the improved electrode surrounded soil area increases but the reduction effect declines as the dimension increases continually.
Second, the conductivity effect on the TGR is studied when the locally improved soil conductivity increases from σ e = 0.01 S/m to 0.1 S/m. The soil is locally improved at a 2.0 m × 2.0 m × 3.5 m area, and the relative permittivity is ε re = 9. As can be seen from Fig. 9(a) , the steady resistance is reduced steadily as the conductivity of the improved electrode surrounded soil increases. But when the conductivity is larger than σ e = 0.05 S/m, the steady resistance did not decrease obviously as the local soil conductivity increases.
Third, the relative permittivity of the improved soil surrounding the grounding electrode is varied from ε re = 9 to 80 while σ e = 0.004 S/m, and the TGR is calculated. As can be seen from Fig. 9(b) , locally enlarging the relative permittivity of the soil surrounding the grounding electrode cannot reduce the peak resistance. However, there would be a significant reduction of the resistance between 0.02 µs to 0.5 µs as the relative permittivity of the soil surrounding the grounding electrode enlarges. It can also be seen that the relative permittivity of the electrode surrounded soil does not affect the TGR after 0.7 µs. Thus, it can be concluded that a large improved soil area surrounding the electrode would result in a lower grounding resistance, but the reduction effect declines as the area increases. Improving the relative permittivity of the soil surrounding the electrode can only reduce the grounding resistance between 0.02 µs to 0.5 µs, while enlarging the electrode surrounded soil conductivity is an effective way of reducing the steady resistance. 
Locally Improved Soil Effect on the Grounding System TGR
To check the efficiency of the locally improved soil effect on the grounding resistance, the conclusions obtained above are introduced into a grounding system combined with a horizontal electrode and two vertical electrodes as shown in Fig. 10 (a) [1] . First, only the lifting line surrounded soil is locally improved in a 1.4 m × 1.4 m × 0.5 m area, and the soil parameters are improved to σ l = 0.05 S/m and ε rl = 40. Second, the two vertical electrode surrounded soil conductivity is improved to σ e = 0.05 S/m further in area II as shown in Fig. 5 , where T = 1.0 m. The relative permittivity of the soil surrounding the two electrodes is ε re = 9. Figure 10 (b) graphs the grounding system TGR when the soil is locally improved. It can be seen that the peak resistance is reduced from 112.8 Ω to 46.4 Ω when the lifting line surrounded soil parameter is improved, and the steady resistance is also reduced from 22.8 Ω to 21.3 Ω in this case. Additionally, the steady resistance is further reduced to 11.5 Ω as the two grounding electrodes surrounded soil conductivity is enlarged.
From the TGR analyses in this part, we can say that the proposed approaches are efficient ways of reducing both the peak resistance and steady resistance of a grounding system. From the analysis in this section, it can be concluded that locally improving the soil surrounding the lifting line and grounding electrode is an efficient ways of reducing the grounding resistance. Following conclusions can be obtained:
1. Enlarging the area and conductivity of the improved soil surrounding both the lifting line and the grounding electrode are all efficient ways of reducing the steady resistance.
2. Improving the soil surrounding the lifting line is an efficient way to reduce the peak resistance and the optimal area of the improved lifting line surrounded soil is a 1.4 m × 1.4 m × 0.3 m area.
3. Locally improving the relative permittivity of the soil surrounding the grounding electrode can only reduce the resistance between 0.02 µs to 0.5 µs, but it is unable to reduce the peak or steady resistance.
CONCLUSIONS
In this work, the resistance of the grounding system in lightning protection systems has been analyzed using the FDTD method in the form of TGR. First, the electrode configurations effect on the TGR is analyzed to find optimized grounding electrode programs. Second, the resistance-reducing-agent is locally utilized to improve the soil parameters, and the effect of the locally improved soil area and parameters on the TGR is studied. From these analyses, the following conclusions can be derived.
First, flat bar is the most financially efficient structure to be used as the grounding electrode. Enlarging grounding electrode length can reduce grounding resistance when it is shorter than the effective length, but the reduction effect declines as the length increases. Large electrode size would result in a lower grounding resistance, but it would be more efficient to use a series of small electrodes rather than a single large one.
Second, locally improving the soil near the grounding system is an efficient way of reducing the grounding system resistance. Enlarging the area and conductivity of the soil surrounding both the lifting line and grounding electrodes locally are all efficient ways of reducing the steady resistance. Improving the soil surrounding the lifting line is an efficient way to reduce the peak resistance and the optimal area of the improved lifting line surrounded soil is a 1.4 m × 1.4 m × 0.3 m area.
The conclusions derived in this paper would be useful in the grounding system design.
